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Abstract

The aryl hydrocarbon receptor nuclear translocator (ARNT) heterodimerizes with hypoxia
inducible factor-1a (HIF-1a), followed by upregulation of genes that are essential for
carcinogenesis. We utilized a novel peptide (Ainpl) to address whether the HIF-1a signaling
could be suppressed by an ARNT-mediated mechanism. Ainpl suppresses the HIF-1a-dependent
luciferase expression in Hep3B cells and this suppression can be reversed by ARNT. Ainpl
reduces the interaction between ARNT and HIF-1a, suppresses the formation of the HIF-1 gel
shift complex, and suppresses the ARNT recruitment to the vegf promoter. These effects are partly
mediated by redistribution of the nuclear ARNT contents to the cytoplasm.
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1. Introduction

ARNT (aka HIF-1pB) belongs to the basic-helix-loop-helix Per-ARNT-Sim (bHLH-PAS)
protein family. It is a nuclear protein which takes part in various cellular functions. For
example, it is essential for the signaling pathways of AhR and HIF-1a by interacting with
them through its PAS domain [1,2,3]. ARNT also participates in other cellular functions as
follows: (1) ARNT interacts with ERa and ERp through its C-terminal part and acts as a
potent coactivator of the ER signaling [4]; (2) ARNT interacts with RelB to form an
inhibitory complex at the NFkB promoter and in turn reduces the Rel A/p50 transcriptional
activity [5] and (3) ARNT interacts with the TNF receptor CD30 which activates the NFKB
signaling that drives the growth of Hodgkin’s lymphoma [5]. ARNT knockout is
embryonically lethal due to failure in angiogenesis [6,7]. Recently, ARNT has been found to
be reduced in islets [8] and livers [9] of diabetic individuals. Knockdown of ARNT
expression in B-cells compromises the metabolic event affecting insulin secretion [10].
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Liver-specific ARNT knockout mice showed features that are consistent with type 2
diabetes, suggesting that ARNT plays a role in the development of diabetes [9]. Taken
together, it would be important to understand how the ARNT levels can be altered in a cell.

HIF-alpha is overexpressed in most solid tumors (e.g. bladder, brain, breast, colon, ovarian,
pancreatic, prostate, and kidney [11]) and is responsible for angiogenesis and upregulation
of transporters (e.g. GLUT1) and enzymes (e.g. LDH, aldolase, PFK, endolase, and
aldolase) for efficient glucose metabolism via glycolysis. More than 100 HIF-1a target
proteins have been identified which are related to tumorigenesis [12]. HIF-1a. is rapidly
degraded by the pVHL-dependent ubiquitin-proteasome pathway under normoxic condition;
this mechanism is mediated through the oxygen-dependent degradation domain (ODDD) of
HIF-1a. During hypoxia, the HIF-1a protein escapes degradation and heterodimerizes with
ARNT in the nucleus to form an active transcription factor HIF-1. HIF-1 binds to the HRE
enhancer, causing recruitment of coactivators (such as CBP/p300 [13], TIF2 [14], SRC-1
[14], and TRIP230 [15]) and activation of gene transcription. In addition to protein
degradation to modulate the amount of HIF-1a protein for function, transcription of the
HIF-1a message is also regulated via the PI3K/Akt pathway [16]. Phosphorylation of
HIF-1a by MAPKSs p42/p44 [17] and ERK [18] appears to affect its transcriptional activity.
Collectively, various mechanisms can be possible for cancer cells to increase HIF-1a.
expression under normoxia.

We are interested in suppressing the HIF-1a function in tumor cells via an ARNT-mediated
mechanism. We hypothesize that ARNT-interacting peptides may be viable anticancer
therapeutics by suppressing an ARNT-dependent function which is essential for tumor
growth. Previously we used the phase display method to identify Ainpl as one of the
ARNT-interacting peptides [19]. Our objective was to test whether Ainpl suppresses the
HIF-1 function via an ARNT-dependent mechanism. Here, we provided evidence supporting
that Ainp1 reduces the formation of the HIF-1a:: ARNT heterodimer and in turn suppresses
the recruitment of ARNT to the vegf promoter. Ainpl suppresses the nuclear ARNT levels
by redistributing ARNT from nucleus to cytoplasm. Ainpl also appears to cause the ARNT-
dependent, but HIF-1a-independent, cell death.

2. Material and methods

2.1 Reagents

Human hepatoma Hep3B cells were grown at 37 °C and 5% CO, in Advanced MEM
(Gibco, Carlsbad, CA) supplemented with 5% FBS, 2mM L-glutamate, 100 units/ml of
penicillin, and 0.1 mg/ml of streptomycin. Cobalt chloride (CoCly) was used to chemically
mimic hypoxia in Hep3B cells. Anti-ARNT rabbit polyclonal IgG (H-172, sc-5580), anti-
ARNT goat polyclonal 1gG (C-19, sc-8076), and anti-GFP rabbit polyclonal 1gG (sc-8334)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HIF-1a rabbit
monoclonal 1gG (2015-1) was purchased from Epitomics (Burlingame, CA). Anti-caspase 3
mouse monoclonal IgG (3G2) was purchased from Cell Signaling Technology (Danvers,
MA). Baculovirus HIF-1a was generated according to our previously published protocols
for the generation of baculovirus ARNT [20]. This full-length human HIF-1a contained a C-
terminal 6His tag and was affinity purified from the infected Sf9 cells using the TALON
resin (Clontech, Mountain View, CA). The pSport-ARNT plasmid containing the full-length
human ARNT cDNA and the pSport-HIF-1a plasmid containing the full-length human
HIF-1a cDNA were gifts from Dr. Chris Bradfield (University of Wisconsin, Madison) and
used to generate ARNT and HIF-1a using the rabbit reticulocyte lysate (RRL) system
(Promega, Madison, WI) according to the manufacturer’s protocol. Chimeric bacteria
expression plasmid containing the Ainpl cDNA was generated by cloning the cDNA into
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BamHI and HindllI sites of pQE80-Ainpl plasmid (Qiagen, Valencia, CA). Thioredoxin
was expressed using the parent pThioHisC plasmid (Invitrogen, Carlsbad, CA).

Both recombinant proteins were affinity purified from the IPTG-treated JIM109 culture using
the TALON resin according to our previously published protocol [19]. The Ainpl cDNA
was cloned into Bglll and Xhol sites of the pGFP2-C1 plasmid (Perkin Elmer, Waltham,
MA\) to generate the pGFP2-Ainp1 plasmid. Double-stranded oligonucleotides containing
nuclear localization sequence in tandem (3XNLS, underlined) were purchased from
Invitrogen with Xhol and Apal half sites at the termini (sense, OL287, 5’-
TCGAGGATCCAAAAAAGAAGAGAAAGGTA
GATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGGTAGGGC
C-3’; antisense, OL288, 5’-
CTACCTTTCTCTTCTTTTTTGGATCTACCTTTCTCTTCTTTTTTGGATCTACCTTTC
TCT TTTTTGGATCC-3’). The annealed 3XNLS oligonucleotides were cloned into Xhol
and Apal sites of pGFP2-C1 to generate the pGFP2-3XNLS plasmid. The Ainpl cDNA was
then cloned into the pGFP2-3XNLS plasmid to generate the pGFP2-Ainp1-3XNLS plasmid.
Same strategy was used to generate the pGFP2-NES and pGFP2-Ainp1-NES plasmids
containing one copy of NES. The NES sequence (LQLPPLERLTLDC) was obtained from
HIV-1 Rev protein [21]. The corresponding oligonucleotides were 5’-
TCGAGCTTCAGCTACCACCGCTTGAGAGACTTACTCTTGATTGTGGGCC-3’
(OL564) and 5’-CACAATCAAGAGTAAGTCTCTCAAGCGGTGGTAGCTGAAGC-3’
(OL565). The Ainpl cDNA was cloned into BamHI and Xhol sites of the pPCMV-Tag4A
plasmid (Stratagene, La Jolla, CA) to generate the pPCMV-Tag4A-Ainpl plasmid for
transfection experiments. The pGL3-Epo reporter luciferase and pCMV-C 553 plasmids
were generated as described previously [22]. The B-galactosidase expressing plasmid
pCH110 was purchased from Amersham-Pharmacia Biotech (Piscataway, NJ). IRdye700
conjugated HRE and 10X orange loading dye were purchased from LI-COR (Lincoln, NE).
The wild type HRE was generated by annealing two primers purchased from Invitrogen
(sense, OL568, 5’'-AGCTTGCCCTACGTGCTGTCTCAGA-3’; antisense, OL569, 5’-
TCTGAGACAGCACGTAGGGCAAGCT-3’), the mutated HRE was also generated by
annealing two primers purchased from Invitrogen (sense, OL570, 5’-
AGCTTGCCCTAGCTGCTGTCTCAGA-3’, antisense, OL571, 5’-
TCTGAGACAGCAGCTAGGGCAAGCT-37).

2.2 Transient transfection studies

Hep3B cells were grown in a 24-well plate to about 90% confluence prior to transfection.
Before transient transfection, media was exchanged to Advanced MEM containing 3% FBS
and 2 mM L-glutamate. In each well, cells were transfected with 50 ul of Opti-MEM
(Invitrogen, Carlsbad, CA) containing 1.6 pul of Fugene HD (Roche, Indianapolis, IN), and
0.8 ug of total plasmid DNA. Cells were incubated in this transfection mix for 24 h at 37 °C,
5% CO». Afterwards, media was exchanged to fresh complete media before treatment with
CoCl,. Cells were treated with CoCl, (100 uM) or water for 18 h at 37° C, 5% CO, before
harvested using the Dual-Light luciferase kit (Applied Biosystems, Carlsbad, CA).

2.3 Co-immunoprecipitation studies

For ARNT::Ainpl interaction study, bacterially expressed Ainpl (40 ug) or bacterially
expressed thioredoxin (40 pg) was incubated with 15 pl of RRL expressed ARNT or
uncharged RRL as the negative control in HEDG buffer (25 mM HEPES, pH 7.4, 1 mM
EDTA, 1 mM DTT, and 10% glycerol) containing 0.1 M KCI for 30 min at 30 °C. For
HIF-1a::Ainpl interaction study, bacterially expressed Ainpl (40 ug) or bacterially
expressed thioredoxin (40 pg) was incubated with baculovirus expressed HIF-1a or the Sf9
lysate (50 pug) in HEDG buffer containing 0.1 M KCI for 30 min at 30 °C. For
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HIF-1a::ARNT interaction study in the presence or absence of Ainpl, RRL expressed
ARNT and HIF-1o were used in the presence or absence of bacterially expressed 6His-
Ainpl. RRL expressed ARNT (15 ul) and HIF-1a (15 ul) were incubated with bacterially
expressed Ainpl (60 ug), Ainpl (30 ug)/ thioredoxin (30 pg), or thioredoxin (60 pg) in 400
ul of HEDG buffer containing 0.1 M KCI for 30 min at 30° C. In addition, five 100-mm
plates of near confluent Hep3B cells were treated with 200 uM CoCl, for 20 h. Cells were
harvested into 1.5 ml of HEDG buffer containing 1 mM PMSF and 2 pg/ml of leupeptin.
After three cycles of freeze-thaw, cells were centrifuged at 16,0009 for 10 min at 4 °C. The
pellet was resuspended into 1.5 ml of the same buffer except it contained 0.4 M KCI. After
rotating for 1 h at 4 °C, the suspension was centrifuged at 16,0009 for 20 min at 4 °C. The
resulting supernatant was immediately diluted with HEDG buffer to 0.1 M final
concentration of KCI and was used as the sample for co-immunoprecipitation. Sample (150
ug) was incubated with 6His-Ainpl (60 pg), 6His-Ainp1/Sf9 lysate (30 ug of each) or Sf9
lysate alone (60 pg) in HEDG buffer containing 0.1 M KCI for 30 min at 30 °C. Co-
immunoprecipitation began with protein G Dynabeads preclearance (2 pl, Invitrogen,
Carlsbad, CA) by rotating for 30 min at 4 °C. Corresponding immunoprecipitation antibody
was then added to each precleared sample. After incubation for 2 h at 4 °C, protein G
Dynabeads (5 pl) was added and the samples were incubated for another 1 h at 4 °C. Beads
were washed with HEDG buffer containing 0.4% Tween-20, 10mM B-mercaptoethanol (600
ul) for four times using DynaMag-2 magnet (Invitrogen). Proteins were retrieved from
boiling the beads in 1X electrophoresis sample buffer (20 pl) for 5 min and then analyzed by
Western analysis.

2.4 Generation of anti-Ainp1 mouse polyclonal antibody

Bacterially expressed purified 6His-Ainpl (50 pg) was dissolved in 0.125 ml of PBS and
0.125 ml of the appropriate adjuvant: Ainpl was combined with complete Freund’s adjuvant
(F5881, Sigma, St. Louis, MO) for the first antigen injection while incomplete Freund’s
adjuvant (F5506, Sigma) for the remaining injections. The protein/adjuvant was mixed
thoroughly and administered via an intraperitoneal injection into a six-week-old female
BALB/c mouse every two weeks for four times. Three days after the fourth injection, blood
was collected from the heart with a sterile syringe. The plasma was decanted and clarified
by centrifugation at 2,500g for 15 min to obtain the serum containing anti-Ainp1 polyclonal
antibodies.

2.5 Western blot analysis

2.6 Gel shift

Tricine-SDS-PAGE was performed according to the published literature [23] except that
samples were stacked at 30 V and resolved at 90 V using a Bio-Rad mini-Protean 3 system.
Wet transfer was performed using the Bio-Rad transfer kit at 200 mA for 70 min. For
normal SDS-PAGE, samples were run at 160 V and transferred at 300 mA for 100 min. The
transferred nitrocellulose membrane was blocked in PBS containing 5% BSA and 0.1%
Tween-20 for 1 h. Primary antibody incubation (1:2,000) was performed in the blocking
buffer overnight at 4 °C. The membrane was then washed with PBS containing 0.1%
Tween-20 for four times. Secondary antibody incubation (LI-COR donkey anti-mouse 1gG
IRDye 680 or anti-rabbit IgG IRDye 800CW, 1: 10,000) was performed in the blocking
buffer for 1 h at room temperature. After washing four times with PBS containing 0.1%
Tween-20 and once with PBS alone, the membrane was dried and analyzed using a LI-COR
Odyssey imaging system (Lincoln, NE).

assay

In a final volume of 11 pl, baculovirus expressed ARNT and HIF-1a and the Sf9 lysate (3
ug) were incubated in HEDG buffer (25 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM DTT,
and 10% glycerol) in the presence or absence of bacterially expressed Ainpl at 30 °C for 30
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min. After that, 2 ul of HEDG buffer containing 0.8 M KCI, poly-dIdC (0.75 ug), and the
mutated HRE (75 ng) was added. In one case, the wild type HRE (75 ng) was used instead
of the mutated HRE to show the specific HIF-1 gel shift complex formation. After 10 min at
room temperature, IRDye700-conjugated HRE (75 fmol, 1 pl) was added for another 10 min
incubation at room temperature. To trigger the supershifted complex formation, either
specific or control 1gG (1 ul, 0.1 ug) or HEDG buffer (1 ul) was added to a gel shift sample
for additional 10 min at room temperature to prove the identity of the HIF-1 gel shift
complex. After the addition of 10X orange loading dye, the samples were resolved on a 4 or
5% native polyacrylamide gel (1X TBE) at 4°C (185V) for 2.5 hours. After that, the gel was
analyzed directly using a LI-COR Odyssey image system.

2.7 Chromatin co-immunoprecipitation (ChIP) assays

ChIP assay was performed as described previously [24] with the following modifications:
Hep3B cells (80-90% confluence in a 60-mm plate) were treated with or without 300 uM
CoCl; in complete media for 4 h at 37°C. After that, cells were cross-linked with 1%
formaldehyde in FBS-free DMEM for 10 min at room temperature. After glycine quenching,
cells were washed three times with ice-cold PBS and the cell pellet was resuspended in lysis
buffer (150 ul), followed by sonication. Diluted samples of 1.5 ml each were used for co-
immunoprecipitation analysis. The washed ARNT IgG-precipitated samples were treated
with RNaseA (0.75 pl of 10mg/ml) for 30 min at 37 °C, followed by the proteinase K
treatment (0.225 ul of 50 mg/ml of proteinas K, 0.975 pl of 0.5M EDTA, and 1.95 ul of 1M
Tris, pH6.5). PCR was performed using a primer set specific to the HRE region of the vegf
promoter (forward primer, OL482: CAGGAACAAGGGCCTCTGTCT,; reverse primer,
OL483: TGTCCCTCTGACAATGTGCCATC).

2.8 Cell viability studies

Hep3B cells were seeded at 1.5x10% cells per well in a 96-well plate. After an overnight
incubation at 37 °C and 5% CO», transient transfection was performed using Fugene HD
(0.4 pl/0.2 pg of pGFP2-C1 or pGFP2-C1-Ainpl/well). Cells were then treated with 100 uM
CoCl, or water right after transfection and cell viability was determined every 12 h using the
CellTiter assay kit (Promega, Madison, WI).

2.9 Subcellular fractionation

Hep3B cells (4x106 in 0.4 ml) were transfected with 30 pg (in 30 pl of water) of pGFP2-C1,
pGFP2-C1-Ainpl, pGFP2-C1-NLS, pGFP2-C1-Ainp1-NLS, pGFP2-C1-NES or pGFP2-C1-
Ainpl-NES by electroporation (160 V, 70 ms, 1 pulse). The electroporated cells were
seeded onto a 100-mm dish and grown in complete media for 36 h. After that, cells were
washed with cold PBS twice before harvested into 200 ul of lysis buffer (25 mM HEPES,
pH 7.9, 150 mM NacCl, 1% NP-40, 1 mM PMSF, and 2 pug/ml of leupeptin). After 30 min at
4 °C, the cell suspension was centrifuged at 3,000g for 3 min. The supernatant was defined
as the cytoplasmic extract. The pellet was washed with cold PBS (500 pl) once and then
resuspended into 100 ul of nuclear lysis buffer (25 mM HEPES, pH 7.9, 350 mM NacCl,
10% dextrose, 0.05% NP-40, 1 mM PMSF, and 2 pg/ml of leupeptin). After 4 °C for 1 h, the
cell suspension was centrifuged at 16,0009 for 10 min. The supernatant was defined as the
nuclear extract. Protein contents were determined by BCA assays (Pierce, Rockford, IL).

2.10 Whole cell extract preparation

Hep3B cells (4x108 in 0.4 ml) were transfected with 30 pg (in 30 pl of water) of either
pGFP2-C1 or pGFP2-C1-Ainp1 by electroporation (160 V, 70 ms, 1 pulse). The
electroporated cells were seeded onto a 100-mm dish and grown in complete media for 36 h.
Cells were then washed with cold PBS twice before resuspended into HEDG buffer (25 mM

Cancer Lett. Author manuscript; available in PMC 2013 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 6

HEPES, pH 7.4, 1 mM EDTA, 1 mM DTT, and 10% glycerol) containing 0.4 M KCI, 1 mM
PMSF, and 2 pg/ml of leupeptin. After three cycles of freeze-thaw, the cell suspension was
incubated for 1 h at 4 °C before centrifuged at 16,0009 for 10 min. The supernatant was
defined as the whole cell extract (WCE).

2.11 Statistical analysis

3. Results

We performed one-way ANOVA (Fig. 5 and S3) and two-way ANOVA (Fig. 3, 4D, and 6)
followed by post hoc Bonferroni’s multiple comparison test to determine the statistical
significance with 95% confidence intervals using the GraphPad Prism 5 software.

3.1 Ainpl interacts with ARNT and interferes with the formation of the HIF-1a::ARNT
heterodimer and the HIF-1 gel shift complex

Ainpl is a novel ARNT-interacting peptide of 59 amino acids in length (Fig. 1A). A search
from the BLAST protein database did not provide its identity and there was no apparent
consensus motif observed. Although we have not determined the full-length sequence of the
primary transcript, Northern blot results revealed that Ainpl is likely alternatively spliced
and ubiquitously expressed in humans (Fig. 1B). However, it is unclear whether Hep3B cells
express the full-length Ainpl protein since our anti-Ainpl antibody was not able to detect
any particularly strong band in the Hep3B lysate (data not shown). It is conceivable that
Ainpl may be derived from a noncoding RNA and its endogenous role is remained to be
determined. We abundantly expressed Ainpl as a 6His fusion protein in the JM109 strain of
E. coli and it was effectively purified using the TALON resin. The Coomassie blue staining
gel revealed that this Ainpl was roughly 90% homogeneity after affinity purification (Fig.
S1, supplementary content). We used this bacterially expressed purified Ainpl to examine
whether it would interact with ARNT and HIF-1a in vitro. We observed that Ainp1l clearly
interacted with RRL expressed ARNT when we used either anti-Ainpl or anti-ARNT IgG,
but not the control IgG, to immunoprecipitate the Ainp1::ARNT complex (Fig. 2A). We
intentionally used uncharged reticulocyte lysate as the negative control for the co-
immunoprecipitation of RRL expressed ARNT. Similarly, we used bacterially expressed
thioredoxin as the negative control for bacterially expressed Ainplsince both Ainpl and
thioredoxin were purified similarly from the IPTG-treated JM109 (Fig. S1, supplementary
content). On the contrary, we were not able to detect any appreciative interaction between
Ainpl and baculovirus expressed HIF-1a (Fig. S2, left panel, supplementary content). To
make certain that the antibody was capable of immunoprecipitating the bait, we observed
that anti-HIF-1o and anti-Ainpl 1gGs could specifically immunoprecipitate HIF-1a and
Ainpl, respectively, whereas the same amount of the corresponding control IgG did not
(Fig. S2, right panel, supplementary content). We noticed that our human HIF-1a
preparations (from Sf9 cells, RRL, and Hep3B whole cell lysate), except the Hep3B nuclear
extract, gave two bands on Western analysis, possibly due to post-translational modification;
this phenomenon was also reported by the supplier of our anti-HIF-1a monoclonal
(Epitomics) and other researchers [25,26]. Next, we addressed whether interaction between
Ainpl and ARNT would alter the HIF-1a::ARNT interaction. We observed that increased
amounts of Ainpl suppressed the ability of the anti-ARNT IgG to co-immunoprecipitate
HIF-1a using two different preparations — either RRL expressed ARNT and HIF-1a (Fig.
2B) or CoCl,-treated Hep3B nuclear extract (Fig. S3, supplementary content). These results
suggested that Ainpl is capable of suppressing the HIF-1 complex formation. Next, we
examined whether Ainpl suppresses the formation of the HIF-1 gel shift complex.
Baculovirus expressed ARNT and HIF-1a formed the HIF-1 gel shift complex (HIF-1a/
ARNT/HRE); the authenticity of this gel shift complex was proven by the fact that wild type
HRE, but not the mutated HRE which was an ingredient in all gel shift samples, abolished
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the complex and both anti-HIF-1a and anti-ARNT 1gGs caused the formation of the
supershifted complex while the control IgGs did not (Fig. 2C, lanes 1-8). We observed a
dose-dependent suppression of the HIF-1 gel shift complex by Ainpl (Fig. 2C, lanes 9-13),
suggesting that Ainpl could interfere with the HRE-driven downstream gene expression.
Notice that the mobility of the HIF-1 gel shift complex was different between the two panels
in Fig. 2C since the left gel shift panel was intentionally performed using a lower percentage
of polyacrylamide gel (4 instead of 5%) to better visualize the supershifted complex.

3.2 Ainpl suppresses the CoCl,-driven, HRE-dependent luciferase expression

Next, we examined whether Ainpl would inhibit the HIF-1 transcriptional activity in Hep3B
cells. Results from our transfection studies showed that Ainpl suppressed the HRE-driven
reporter luciferase activity in a dose-dependent manner (Fig. 3A), supporting that Ainpl
suppressed the HIF-1o, function. The extent of suppression by Ainpl was similar to the
suppression by the truncated human aryl hydrocarbon receptor construct C 553, which we
had shown previously to suppress the xenograft tumor growth by blocking the HIF-1
function [27]. Next, we examined whether this Ainpl suppressive effect is indeed ARNT-
dependent. When we transiently transfected ARNT into Hep3B cells, we only observed a
modest increase in the HRE-driven reporter luciferase activity (Fig. 3B). However, this
transfected ARNT effectively reversed the Ainpl effect in a statistically significant manner,
suggesting that this Ainpl suppression of the HIF-1 transcriptional activity is ARNT-
mediated.

3.3 Ainpl suppresses the CoCl,-driven recruitment of ARNT to the vegf promoter and this
effect does not require Ainpl to be nuclear

Next, we examined whether Ainpl would interfere with the recruitment of ARNT to the
HRE-containing promoter upon stimulus in Hep3B cells. We expressed the GFP fusion of
Ainpl so that we could use GFP as the negative control and ensure the expression of the
GFP-Ainpl protein (Fig. 4A, top panel). To examine whether the nuclear localization is
necessary for the Ainpl effect, we generated GFP-3XNLS and GFP-Ainp1-3XNLS by
fusing three copies of the NLS sequence in tandem at the C-termini of these proteins. After
transient transfection, expression of the GFP and its fusions was confirmed by Western
analysis (Fig. 4A). We found that both GFP and GFP-Ainpl were localized throughout the
cells whereas GFP-3XNLS and GFP-Ainp1-3XNLS were primarily nuclear by fluorescence
microscopy (Fig. 4B). Our ChIP results showed that ARNT was clearly recruited to the vegf
promoter after the CoCl, treatment (Fig. 4C, lanes 1 and 6) and the transfected GFP-Ainpl,
but not GFP, suppressed this ARNT recruitment to the promoter (Fig. 4C, lanes 6-8). In
addition, GFP-Ainp1-3XNLS did not seem to further suppress the CoCl,-driven recruitment
of ARNT. The slight difference between GFP-Ainpl and GFP-Ainp-3XNLS was likely due
to the unexpected small suppression of the nuclear GFP (GFP-3XNLS) (Fig. 4C, lanes 7—
10). To confirm that GFP-Ainpl and GFP-Ainp1-3XNLS have a similar suppressive effect,
we performed transfection studies to determine the CoCl,-activated, HRE-driven luciferase
expression in the presence or absence of these proteins. We observed that 0.6 pug of the
transfected GFP-Ainp1-3XNLS expressing plasmid suppressed more than 30% of the
luciferase activity (Fig. 4D), which was similar to the extent of suppression by the same
amount of the GFP-Ainpl expressing plasmid. To further determine whether the presence of
Ainpl in the cytoplasm is sufficient to suppress the HIF-1a function, we utilized a NES
sequence to localize GFP-Ainpl in the cytoplasm. Both GFP-NES and GFP-Ainp1l-NES
were localized in the cytoplasm (Fig. 4E, left). GFP-Ainp1-NES suppressed the CoCl,-
activated, HRE-driven luciferase activity to a similar extent as the GFP-Ainp1-3XNLS and
GFP-Ainpl (Fig. 4D and 4E, right). Collectively, we concluded that nuclear localization of
the Ainp1l protein is not required to suppress the HIF-1a function.
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3.4 Ainpl decreases the nuclear ARNT levels by sequestering ARNT in the cytoplasm

Next, we explored whether the nuclear ARNT levels would be suppressed in the presence of
Ainpl in Hep3B cells. We observed that the nuclear ARNT levels were reduced in the
presence of GFP-Ainpl, but not GFP, and the cytoplasmic ARNT levels were
simultaneously increased when compared to the levels in untransfected Hep3B cells (Fig. 5,
and S4A, supplementary content). The subcellular contents were validated by the nuclear
and cytoplasmic marker proteins lamin A/C and GAPDH, recpectively (Fig. S4,
supplementary content). The total ARNT content, however, was not altered in the presence
of Ainpl in Hep3B cells (Fig. S4B, supplementary content). In addition, both nuclear and
cytoplasmic ARNT levels were not altered when Ainpl was localized in the nucleus by
fusing a nuclear localization signal (3XNLS) to Ainpl (Fig. 5 and S4C, supplementary
content), suggesting that ARNT may be retained by the cytoplasmic presence of Ainpl. To
further explore this cytoplasmic retention of ARNT by Ainpl, we made the NES fusion of
Ainpl to examine whether ARNT could be retained more clearly in the cytoplasm when
Ainpl is cytoplasmic. We observed that the nuclear ARNT levels were reduced to a
discernible extent when Ainpl was mostly cytoplasmic while the cytoplasmic ARNT levels
were increased (Fig. 4E, 5 and S4D, supplementary content). We were surprised to see
substantial cytoplasmic ARNT levels in Hep3B cells since ARNT is considered primarily
nuclear. In an effort to rule out any unforeseen artifact, we used the same extraction protocol
to obtain the cytoplasmic and nuclear fractions of Hepalclc7 cells which are known to have
nuclear ARNT. We observed that ARNT was primarily nuclear in Hepalclc? cells (Fig.
SAE, supplementary content), suggesting that the presence of cytoplasmic ARNT in Hep3B
cells was likely cell line-specific rather than a protocol artifact. Taken together, our data
suggested that Ainpl sequesters ARNT in the cytoplasm which in turn decreases the nuclear
ARNT levels.

3.5 Ainpl causes ARNT-dependent cell death which is not CoCl,-dependent

Since Ainpl suppressed the HIF-1 transcriptional activity, we addressed whether Ainpl
would suppress the HIF-1a-driven cell proliferation. We observed that CoCl, caused a
modest increase in the rate of Hep3B cell proliferation: Hep3B cells grew to 140% of the
absorbance at 560 nm after 48 h whereas only 36 h was needed to reach the same percentage
in the presence of CoCl, (Fig. 6A and B, untreated (WT) cells). GFP did not seem to have
any effect on cell proliferation in the presence or absence of CoCl,. But when cells were
transfected with GFP-Ainp1, cell proliferation was suppressed with or without CoCly,
suggesting that Ainpl suppresses cell growth regardless if HIF-1a. is expressed or not. This
suppression was partly reversed by ARNT (Fig. 6C), suggesting that the Ainp1 effect on cell
viability may be ARNT-mediated.

4. Discussion

Inhibition of the HIF-1a function appears to be an effective means to treat solid tumors.
Thus there is an immense interest in limiting the cellular HIF-1a levels via various
mechanisms such as (1) suppression of its message levels using a HIF-1a-targeting antisense
oligonucleotide [28]; (2) suppression of its protein synthesis by topoisomerase inhibitors
[29]; (3) promotion of its protein degradation by Hsp90 inhibitors [30], and (4) suppression
of the HIF-1 binding to enhancers by anthracyclines [31]. Although it has been shown that
the endogenous ARNT levels are quite abundant [32], an adequate amount of an ARNT-
interacting protein can be expressed in cells to interfere with the ARNT-mediated
HIF-1function [22, 27]. Interestingly our data revealed that there might be a dynamic
process of maintaining the nuclear ARNT levels in a cell. An ARNT-interacting peptide
may affect the nuclear ARNT levels by its mere presence in the cytoplasm. Any mechanism
that decreases the nuclear ARNT levels would undoubtedly inhibit the HIF-1a function. We
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propose that ARNT is potentially a good target for anticancer drug development and Ainpl
may serve as a prototype for protein therapeutics. For example, high affinity ARNT-
interacting peptides which reside exclusively in the cytoplasm may downregulate the
HIF-1a function by effectively reducing the nuclear ARNT levels via cytoplasmic retention.
This approach of utilizing phage display peptides (such as Ainpl) for anticancer drug design
has been employed to develop selective angiopoietin-2 inhibitors to block angiogenesis [33].

We are interested in utilizing Ainpl to understand how the HIF-1a pathway can be
suppressed. Our data revealed that Ainpl is capable of interfering with the interaction
between ARNT and HIF-1a by physically competing for ARNT binding in Hep3B cells.
However, this is unlikely to be the sole mechanism for suppressing the HIF-1 function in
Hep3B cells because the Ainpl effect does not require it to be in the nucleus and the binding
competition should only occur in the nucleus. We have previously observed a similar
phenomenon: we discovered that human B4-tubulin interacts with ARNT; when we
transfected B4-tubulin into Hep3B cells, the transfected protein resided primarily in the
cytoplasm and caused suppression of the ARNT-dependent, DRE-driven luciferase
expression [34]. Apparently, Ainpl suppresses the HIF-1 function regardless of whether
Ainpl is in the cytoplasm or in the nucleus since all Ainpl constructs — GFP-Ainpl, GFP-
Ainpl-3XNLS, and GFP-Ainp1-NES - suppressed the reporter luciferase activity to a
similar extent. Suppression of this luciferase activity is likely due to a summation of two
effects: (1) Ainpl reduces the nuclear ARNT levels by sequestering ARNT in the cytoplasm
and (2) Ainpl inhibits the HIF-1a::ARNT heterodimer formation in the nucleus. When we
manipulated the Ainpl peptide to be exclusively cytoplasmic (GFP-Ainpl in Fig. 4B versus
GFP-Ainpl-NES in Fig. 4E), we observed a further decrease of the nuclear ARNT levels
and a concomitant increase of the cytoplasmic ARNT levels (Fig. 5). This shift reflects the
Ainpl ability of retaining ARNT in the cytoplasm. We did not observe a statistically
significant increase of the cytoplasmic ARNT levels between GFP-Ainpl and GFP-Ainpl-
NES (0.05 < p < 0.1) probably owing to the challenge of quantifying a small amount of the
cytoplasmic ARNT content compounded with the nonspecific fluorescence. In addition to
the two Ainpl effects we have described, one could argue that other mechanisms may be
involved in the Ainpl suppression of the HIF-1a function; for example, we cannot rule out
the possibility that the cytoplasmic retention of ARNT would somehow hamper the
activation of HIF-1o. Nevertheless, our data unambiguously showed that Ainpl causes a
shift of the cellular ARNT contents from nucleus to cytoplasm in Hep3B cells (Fig. 5). The
precise mechanism that causes the redistribution of the cellular ARNT contents is unclear at
present. We speculated that there are at least two mechanisms that would explain this
cytoplasmic Ainpl action: (1) trafficking of ARNT between the nuclear and cytoplasmic
compartments may happen which allows the ARNT::Ainp1 interaction to occur in the
cytoplasm and (2) Ainpl binds to the newly synthesized ARNT in the cytoplasm and retards
its nuclear entry.

HIF-1a appears to express only in the presence of CoCl, or hypoxia in Hep3B cells. There is
a modest but noticeable increase in the growth rate when cells were treated with 100 uM
CoCl,, suggesting that HIF-1a increases the rate of cell proliferation to a limited extent. We
were unclear about the role of ARNT in untreated cells and initially assumed that the ARNT
function in Hep3B cells might only become evident when HIF-1a is expressed.
Interestingly, our data supported that ARNT may promote growth in untreated Hep3B cells:
Ainpl causes cell death in a HIF-1a-independent manner and this Ainpl-triggered cell death
can be partly reversed in the presence of the transfected ARNT. However, we cannot rule
out the possibility that ARNT nullifies the Ainpl effect by its association with Ainpl, and
the Ainpl-mediated suppression of cell growth could be ARNT-independent. It has been
reported that ARNT may play a role in the c-Jun/Sp1 function [35] and inhibition of the
upstream MEF kinase, which activates c-Jun, causes apoptosis in HepG2 cells [36].
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However, we did not observe any formation of the caspase 3 large fragment in the Ainp1-
transfected Hep3B cells (Fig. S4B, supplementary content), suggesting that apoptosis is
likely not involved in the Ainpl-mediated cell death. It is also possible that this Ainpl-
induced cell death is somehow AhR-mediated since AhR is known to affect the cell cycle.
Some investigators showed that AhR downregulates c-myc expression in human breast
cancer cells without the addition of an exogenous ligand [37]. However, the same
investigators were not able to observe any change in cell growth when the AhR function was
inhibited by an ARNT-interacting protein (AhRR).

In summary, we concluded that Ainp1l is capable of inhibiting the HIF-1a function via an
ARNT-dependent mechanism: Ainpl suppresses the HIF-1o. and ARNT heterodimer
formation, suppresses the formation of the HIF-1/HRE gel shift complex, reduces the
recruitment of ARNT at the HRE promoter, and suppresses the HIF-1-dependent activation
of gene transcription. Interestingly, Ainpl reduces the nuclear ARNT levels by sequestering
ARNT in the cytoplasm. Thus, our data revealed that the nuclear ARNT levels can be
reduced in the presence of an ARNT-interacting peptide in the cytoplasm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ainpl ARNT-interacting peptide-1
ARNT aryl hydrocarbon receptor nuclear translocator
HIF-1la hypoxia inducible factor-1 alpha
AhR aryl hydrocarbon receptor
ERa estrogen receptor alpha
HRE hypoxia response element
DRE dioxin response element
ERE estrogen receptor response element
3MC 3-methylchloranphrene
E2 17 beta-estradiol
HEDG 25 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM DTT, and 10% glycerol
EV empty vector
RRL rabbit reticulocyte lysate
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Fig. 1.

A. nucleotide (underlined) and amino acid sequence of Ainpl. B. Ainpl mRNA is expressed
in most human tissues. Northern blot analysis using Ambion FirstChoice human pre-made
blot was performed as previously described [19]. 1, brain; 2, placenta; 3, skeletal muscle; 4,
heart; 5, kidney; 6, pancreas; 7, liver; 8, lung; 9, spleen; 10, colon. A 500 bp antisense
cDNA fragment of Ainpl was used. B-actin was used as the standard for comparison.
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Fig. 2A
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Fig. 2.

Ainpl interacted with ARNT and suppressed the ARNT::HIF-1a interaction. A, upper panel,
anti-ARNT IgG co-immunoprecipitated bacterially expressed Ainpl. RRL expressed ARNT
(pSport-ARNT) was used as the bait; uncharged RRL (RL) and rabbit 1gG as negative
controls. Lower panel, anti-Ainpl IgG co-immunoprecipitated RRL expressed ARNT.
Bacterially expressed Ainpl was used as the bait; thioredoxin and mouse 1gG as negative
controls. This experiment was repeated twice with similar results. B, anti-ARNT 1gG co-
immunoprecipitated RRL expressed HIF-1a (pSport-HIF-1 o) using RRL expressed ARNT
as the bait with different amounts of bacterially expressed Ainpl added (+, 30 pg; ++, 60
ug). Protein contents in some lanes were normalized by bacterially expressed thioredoxin.
Rabbit 1gG was the negative control. This experiment was repeated twice with similar
results. co-1P shows co-immunoprecipitated HIF-1a whereas IP shows immunoprecipitated
ARNT. 5% input (A and B) shows the band intensity of 5% of the target protein content in
the starting sample. C. Gel shift data using baculovirus expressed ARNT and HIF-1a. All
gel shift samples contained mutated HRE (75 ng) except lane 4 which contained wild type
(wt) HRE (75 ng) instead. 1gG was added to lane 5 (rabbit IgG), 6 (anti-HIF-1a rabbit 1gG),
7 (goat 1gG) and 8 (anti-ARNT goat 1gG). Bacterially expressed thioredoxin (4 pg) was
included in lane 10 whereas Ainpl was included in lanes 11-13 (0.5, 1.5, and 4 pg). Lower
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arrow indicates the HIF-1 gel shift complex whereas upper arrow indicates the supershifted
complex.
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Fig. 3.

Ainp1l suppressed the CoCl,-activated, HRE-driven luciferase activity in Hep3B cells. A,
cells (£ 100 uM CoCl,) were transfected with the same amount of plasmid DNA (EV,
pCMV- Tag4A; Ainpl, pCMV-Ainpl; C 553, pCMV-C 553). Amount of plasmid DNA
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used: +, 0.3 pg; ++, 0.6 pg; 150 ng of pGL3-Epo reporter luciferase plasmid; 50 ng of
pCH110 plasmid. This experiment was repeated once with similar results. B, cells (+ 100
uM CoCl,) were transfected with the same amount of plasmid DNA (EV1, pCMV-Tag4A,
EV2, pSport; Ainpl, pCMV-Tag4-Ainpl; ARNT, pSport-ARNT). Amount of plasmid DNA
used: +, 0.2 pg; ++, 0.4 pg; ++++, 0.8 pug; 75 ng of pGL3-Epo reporter luciferase plasmid,;
25 ng of pCH110 plasmid. This experiment was repeated once with similar results.
Luciferase activity was normalized by the -galactosidase activity. Error bars indicate the
variations of the means (mean = SD, n = 3). ***p < 0.001.
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Fig. 4C
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Fig. 4.

Ainpl suppressed the HIF-1a function in Hep3B cells. Western analysis (A) and
fluorescence imaging (B) were performed 24 hours after transfecting cells (1 x 10°) with
pGFP2-C1, pGFP2-Ainp1, pGFP2-3XNLS or pGFP2-Ainp1-3XNLS plasmid (1.6 ul FuGene
HD/800 ng plasmid). Each Western lane contained 30 pg of WCE. Fluorescence images
were superimposed with the phase contrast images to show the cell shape. C, ChIP data
showing that Ainp1 suppressed recruitment of ARNT to the vegf promoter. Cells (4 x 10°) +
300 uM CoCl, were transfected with GFP, GFP-Ainpl, GFP-3XNLS or GFP-
Ainpl-3XNLS expressing plasmid (30 pg by electroporation at 160V, 70ms). Anti-ARNT
IgG was used to precipitate the HRE-containing complex and the PCR products of the
precipitated HRE fragment are indicated by the bottom arrow. 5% input refers to the band
intensity of 5% of total ARNT content in the starting sample. D, GFP-Ainp1 and GFP-
Ainpl-3XNLS suppressed the reporter luciferase activity to a similar extent in Hep3B cells.
Cells (+ 100 uM CoCl,) were transfected with the same amount of plasmid DNA (pGFP2-
C1, pGFP2-Ainp1, pGFP2-3XNLS or pGFP2-Ainp1-3XNLS). Amount of plasmid DNA
used: 0.6 pg of GFP, GFP-Ainpl, GFP-3XNLS or GFP-Ainp1-3XNLS, 150 ng of pGL3-
Epo reporter luciferase plasmid, and 50 ng of pCH110 plasmid. GFP and GFP-3XNLS were
set as 1 for comparison. This experiment was repeated once with similar results. Error bars
indicate the variations of the means (mean + SD, n = 3). ****p < 0.0001. E. Western
analysis and fluorescence imaging were performed similarly as in A and B except that
TurboFECT from Fermentas (1.6ul1/800ng plasmid) was used in instead of Fugene HD.
Arrows indicates the corresponding bands. Cytoplasmic localization of GFP-NES and GFP-
Ainpl-NES was observed even without the superimposed phase contrast images. Luciferase
experiment was performed using XtremeGENE 9 (Roche, Indianapolis, IN) (0.75 pl/ 0.25
ug plasmid). Amount of plasmid DNA used: 0.2 pug of GFP-NES or GFP-Ainp1-NES, 40 ng
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of pGL3-Epo reporter luciferase plasmid, and 10 ng of pCH110 plasmid. GFP-NES was set
as 1 for comparison. This experiment was repeated once with similar results. Luciferase
activity in 4D and E was normalized by the p-galactosidase activity. Error bars indicate the
variations of the means (mean = SD, n = 3). ***p < 0.001.
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Ainpl sequestered ARNT in the cytoplasm. The ARNT levels were determined in various
cytoplasmic and nuclear fractions by Western using a LI-COR Odyssey imaging system.
(For Western images, see Fig. S4A-E in supplementary content.) Hep3B cells were either
untransfected (WT) or transfected with a plasmid expressing GFP, GFP-3XNLS, GFP-NES,
GFP-Ainpl, GFP-Ainp1-3XNLS or GFP-Ainp1-NES. The cytoplasmic (A) and nuclear (B)
ARNT levels were normalized by arbitrarily setting the corresponding average WT value as
one. Statistics were calculated from four replicates (n = 4) of all conditions except for GFP-
NES and GFP-Ainp1-NES from five replicates (n = 5). Error bars indicates mean + SD. *p <
0.05; ns, not significant.
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Fig. 6.

Ainpl caused ARNT-dependent Hep3B cell death. Cells were transfected with either GFP or
GFP-Ainpl expressing plasmid, followed by treatment with water (A) or 100 uM CoCl; (B).
C, same as A except that pSport or pSport-ARNT plasmid was included in the transfection
mix. Total cell count was determined by CellTiter assay at various time points (0-60 h). At
zero time point, all conditions were started at a similar total cell count in all cases (A-C).
The total amount of plasmid DNA (0.2 pg) in all conditions was the same in A-C so that a
lesser amount of GFP or GFP-Ainpl plasmid (0.1 pg) was used to accommodate pSport or
pSport-ARNT plasmid (0.1 pg). Absorbance at 560 nm (y-axis) corresponds to the total cell
number. This experiment was repeated once with similar results. Error bars indicate the
variations of the means (mean + SD, n = 3). **p < 0.01, ****p < 0.0001.
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